Structure and properties ͑energies, electronic, and thermodynamic properties͒ of complexes pyridine-XY ͑X, Y = F, Cl, Br͒ have been investigated at the MP2/aug-cc-pVDZ level. Two types of geometries ͑-halogen bonded and -halogen bonded͒ are observed. In contrast with the previous results on similar furan and thiophene complexes, the -halogen bonded structures are more stable and the reasons are discussed. Charge transfer is found to be important in the formation of title system and the possible existing complexes under experimental conditions have been forecasted too. A symmetry-adapted perturbation theory energy decomposition analysis reveals that the pyridine-XY complexes are dominantly inductive in nature.
I. INTRODUCTION
Although halogen bond, an intermolecular noncovalent interaction involving halogens as electrophilic species, 1 has been known for over a half-century, it is only over the past decade that there has been a resurgence of interest in halogen bonds.
2-7 Several years ago, after a systematic investigation on halogen bonded interactions between dihalogen molecules XY and a series of Lewis bases B by means of rotational spectra, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Legon et al. 21, 22 conclude that the "LegonMillen" rules can be extended to predict the angular geometries of complexes B-XY. The Legon-Millen rules, which are originally proposed to predict the angular geometries of hydrogen halide complexes B-HX ͑where B is one of a series of Lewis bases͒, can be summarized simply as ͑1͒ if only nonbonding electron pair ͑n-pair͒ is present in the Lewis base B, the HX lies along the axis of the n-pair, with H ␦+ closer to the n-pair than X ␦− ; ͑2͒ if B carries only -electron pairs ͑-pair͒, the HX lies along the local symmetry axis of the -bonding orbital, and H ␦+ interacts with the density; and ͑3͒ if B contains both n-pairs and -pairs, the n-pairs define the angular geometry.
According to the rules, the angular geometry of a complex where Lewis base offers both n-pair and -electrons ͑e.g., pyridine͒ is determined by the n-pair and has a -type interaction. Surprisingly, the geometry of complex furan-ClF, 23 as determined from ground-state spectroscopic constants, strikingly violates the rules and has a -type interaction. When furan is replaced by its sulfur analogue thiophene, 24 the discrepancies between the experimental results and the rules are further exacerbated. Legon et al. 23, 24 attribute these exceptional cases to the different molecular electric dipole and quadrupole moments of the heteroaromatic rings. In his recent article, Legon reviewed the properties of complexes B-XY in the gas phase and compared them with those of the corresponding complexes B-HX. 25 This work prompts us to extend our recent theoretical studies of some related halogen bonded intermolecular interactions. [26] [27] [28] Although the number of papers dealing with halogen bonds is very large, there are no experimental or theoretical reports on the complexes of pyridine-XY.
In the present manuscript, we report an ab initio study of the halogen bonded complexes formed by pyridine with a series of dihalogen and interhalogen molecules XY. The purpose of this effort is to clarify the following aspects: ͑1͒ whether complexes pyridine-XY have one or more stable geometries in gas phase and which one is the most stable form; ͑2͒ can the complexes probably exist under experimental conditions; and ͑3͒ how about the nature of the halogen bonded intermolecular interactions in the title system. We believe that this work will help to further understand the complex structure involving molecules with both -electron systems and n-pairs, and maybe assist future experimental work on the issue.
II. COMPUTATIONAL METHODS
Equilibrium geometries of the monomers and complexes in the title system are fully optimized at the MP2/aug-ccpVDZ level using the GAUSSIAN-03 program package. 29 Harmonic frequencies are computed to confirm the equilibrium geometries that correspond to energy minima. The intermolecular interaction energies of the complexes have been calculated at the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ, and CCSD͑T͒/aug-cc-pVDZ levels, the full counterpoise ͑CP͒ method 30 is used to eliminate the effect of the basis set superposition error ͑BSSE͒. Based on the statistical thermodynamic method, the standard thermodynamic properties of the title system at different temperatures are obtained at the MP2/aug-cc-pVDZ level. 
HF , the superscripts ͑n 1 , n 2 ͒ denote the orders in perturbation theory with respect to intermolecular and intramolecular interaction operators V and W, respectively. The subscript "resp" indicates the term including coupled-perturbed Hartree-Fock response. 33 One distinct advantage of SAPT over the supermolecular approach is that each term in the perturbation series can be physically interpreted. All SAPT calculations reported here are performed using the SAPT2002 program 34 at the aug-ccpVDZ basis set.
III. RESULTS AND DISCUSSION
Equilibrium geometries of the complexes pyridine-XY ͑X, Y = F, Cl, Br͒ have been fully optimized at the MP2/augcc-pVDZ level of theory. The sketches and atomic labeling schemes for the optimized geometries are shown in Fig. 1 .
These geometries can be classified as either -halogen bonded or -halogen bonded ͑also referred to in this paper as types I and II, respectively͒. The type I geometries exhibit C 1 point group, in which XY subunit lies almost perpendicularly above the aromatic ring and the acidic X atom is oriented toward the formal -bond between C1 and C2 of pyridine. The type II geometries are C 2v symmetry and characterized by a strong -halogen bond formed between halogen atom X ͑X = F, Cl, Br͒ and the n-pair of the nitrogen atom in pyridine. In this geometry, all the nuclei are coplanar and the XY molecular lies along the C 2 axis of pyridine. Some selected important structural parameters of these geometries are summarized in Table I , the theoretical and experimental 35, 36 bond length of the monomers are also listed in Table I . Table I shows that there are some changes in bond length in the complexes, compared with the corresponding bond length in the monomer: in the type I complexes, both the X-Y and C1-C2 bonds become longer; in type II complexes, the X-Y bond becomes longer and the N-C5 bond becomes shorter. These changes in the bond length result from the weak intermolecular interactions between the two monomers. It is noted that the F-F bond length in the complex pyridine-F 2 ͑II͒ values 1.7112 Å, which is obviously larger than the bond length of the F 2 ͑1.4266 Å͒, implying that an ionic complex has been formed between pyridine and F 2 . In addition, a comparison of the theoretical bond lengths and available experimental results for monomers ͑see Table I͒ indicates that the computed values are sound.
Interaction energies ⌬E, electron correlation energies ⌬E corr , BSSE values, and CP corrected interaction energies ⌬E CP have been examined at the MP2/aug-cc-pVDZ for each of the pyridine-XY complexes ͑Table II͒. ⌬E, BSSE values, and ⌬E CP , calculated at the MP2/aug-cc-pVTZ and CCSD͑T͒/aug-cc-pVDZ levels, are also presented in Table II . The calculated results show that the electron correlation energy ͑⌬E corr ͒ contribution to the interaction energy ͑⌬E͒ is quite substantial ͑see Table II͒ for all of complexes in the title system at the MP2/aug-cc-pVDZ level. So, it is very important to take into account the electron correlation in such systems. From Table II , it can be seen that the interaction energies at the different levels of theory are varied, the interaction energies obtained at MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ levels are quite comparable, and the CCSD͑T͒ values are relatively small. It is worth mentioning that a comparison of the qualitative trend on the energies at the three levels shows good accordance, and the MP2/augcc-pVDZ level is an acceptable method after consideration of the calculation cost and accuracy together. For a given complex pyridine-XY, the stronger interaction energies in the title system are generally observed for the -halogen bonded structure. Therefore, although pyridine possesses both a -electron system and an n-pair, the stable angular geometries for all of the pyridine-XY complexes obtained in this study appear to be determined by the n-pair. Apparently, all the -halogen bonded pyridine-XY complexes obey the Legon-Millen rules and are isostructural with the pyridine-HX that Legon et al. [37] [38] [39] reported by rotational spectra. By contrast, as shown in our recent studies, 26, 28 the geometries of both furan-XY and thiophene-XY complexes are determined by the -electron system. Variations in complex geometry can be understood from the difference in the electrostatic potential on the aromatic ring. Figure 2 presents a molecular electrostatic potential ͑MEP͒ map of pyridine, furan, and thiophene. The MEP plot indicates that the negative electrostatic potential ͑shown in red͒ on the n-pair noticeably decreases as pyridine Ͼ furanϾ thiophene, while the negative electrostatic potential on the -electron system apparently increases from pyridine to furan and thiophene. This result accounts for the stable -halogen bonded ͑II͒ equilibrium geometries in pyridine-XY and the -halogen bonded ͑I͒ equilibrium geometries in furan /thiophene-XY.
Based on the statistical thermodynamic method, the changes in the standard Gibbs free energies ⌬G T for all complexes at different temperatures are examined at the MP2/aug-cc-pVDZ level and listed in Table III . The calculated ⌬G T will be helpful for further estimating the strength of the intermolecular interactions, and especially for speculating whether the complexes in the title system can exist at experimental conditions. From Table III , we can find that for a given XY at the same temperature, the magnitude of the ⌬G T sets the complexes in the following order: ͑ −⌬G T ͒ type II Ͼ ͑−⌬G T ͒ type I . Thus, the -halogen bonded ͑type II͒ intermolecular interaction should be stronger than that of -halogen bonded ͑type I͒. This conclusion is also consistent with that obtained from interaction energies. In addition, it is of interest to note that the ⌬G T of all complexes increase evidently as the temperature increases, and at 298.15 K, only the ⌬G T of the type II complexes pyridine-Br 2 , pyridine-ClF, pyridine-BrCl, and pyridine-BrF are negative. These four complexes can be formed spontaneously and probably be found by experimental method at room temperature and p . To better understand the halogen bonded interactions in the title system, NBO analysis has been carried out at the MP2/aug-cc-pVDZ level. NBO analysis stresses the role of charge transfer and intermolecular orbital interactions in the complexes. This is actualized by considering all possible interactions between filled donor and empty acceptor NBOs, and estimating their energetic importance through secondorder perturbation theory. The occupancy ͑␦͒ of frontier molecular orbitals, the charge transfer ͑⌬q͒ between two subunits, the second-order perturbation energy ⌬E 2 ͑also be termed by the donor-acceptor orbitals interaction stabilization energies can be taken as an index to judge the strength of the intermolecular interactions͒, and the difference of energies ͑⌬͒ between acceptor and donor NBOs, provided by NBO analysis, are listed in Table IV. According to Table IV , it is clear that pyridine¯XY isosurface of the electron density at the MP2/aug-cc-pVDZ level.
interactions are accompanied by charge transfer. For the -halogen bonded complexes, the charge transfer mainly comes from the n-pair on N atom of pyridine n ͑N͒ to the X-Y antibonding orbitals of the dihalogen molecule ‫ء‬ ͑X −Y͒, valuing 0.389, 0.119, 0.136, 0.194, 0.154, and 0.623 a.u. for the relevant complex. The ⌬E 2 are computed to be 173.2, 45.22, 56.59, 87.64, 66.80, and 112.7 kcal mol −1 for the corresponding n ͑N͒ → ‫ء‬ ͑X−Y͒ orbital interaction, respectively. The larger ⌬E 2 also confirms that the pyridine-F 2 ͑II͒ is an ionic complex. For the -halogen bonded complexes, the charge transfer from the C1-C2 bond of the pyridine is mainly directed to the X-Y antibonding orbitals of the dihalogen molecule. For a given complex pyridine-XY, we can easily find from Table IV that both the amounts of ⌬q and ⌬E 2 in the type II interactions are obviously larger than those of the type I, which is in reasonable accordance with the order of the energies obtained in the MP2 framework. Summarily, the results of NBO analysis evidently demonstrate that the n͑N͒ → ‫ء‬ ͑X−Y͒ orbital interaction may contribute to the strongest intermolecular interactions in the title system and the charge transfer plays an important role in the formation of the -halogen bonded complexes.
To further comprehend the nature of the intermolecular interactions in the title system, an intermolecular interaction energy decomposition analysis has been performed and the conclusions are similar to the complexes between pyridine and a given XY molecule. In this manuscript, we just discuss the complexes formed by pyridine and ClF to analyze the components of interaction energies and the results are listed in Table V .
As shown in Table V , for both the types I and II complexes, the dominant attractive contributions mostly originate from the induction energy E ind . The proportion of the E ind in the total attractive interactions increases as follows: 53.1% for type I complex and 63.1% for type II complex. The increase in induction contributions can be attributed to the more pronounced distortion of the electron clouds of proton acceptor by the electric field of the proton donor in the complex, which can be weighed by the charge transfer ͑⌬q͒ in the complexes. We observe a correlation between E ind and ⌬q in the complexes: an increase in the magnitude of the charge transfer ͑⌬q͒ leads to larger induction contributions ͑see Tables II and IV͒ . Compared with induction forces, the electrostatic and dispersion forces play a secondary role, the electrostatic ͑or dispersion forces͒ contributes about 8.6%-28.3% to the total attractive interaction energies. The exchange energy of the type II complex is larger than that of the type I complex, maybe this is due to the increased overlap between the orbits of the two monomers when the lone pair electron of N atom in pyridine acts as electron donor.
IV. CONCLUSIONS
In summary, two types of halogen bonds exist in each complex in the title system: -halogen bond ͑I͒ and -halogen bond ͑II͒. Both the calculated interaction energies and standard thermodynamic properties show that the -halogen bond is more stable. In contrast with the furan and thiophene, the stronger electrostatic potential on the N atom of pyridine is sufficient to facilitate the pyridine-XY complex formation at the site of the heteroatom rather than the -electron system. The calculated ⌬G T shows that four complexes pyridine-Br 2 ͑II͒, pyridine-ClF͑II͒, pyridineBrCl͑II͒ and pyridine-BrF͑II͒ can be formed spontaneously and may probably be found by experimental method at 293.15 K and p . The NBO analysis suggests that the charge transfer plays an important role in the -halogen bonded interactions and the main stabilization energy is due to the n͑N͒ → ‫ء‬ ͑X−Y͒ orbital interaction. The SAPT energy decomposition analysis indicates that both the two types of halogen bonds in the title system are predominantly inductive energy in nature. 
